Rifamycin antibiotics, which inhibit RNAdirected DNA polymerase of Rauscher leuckemia virus, prevent the leukemogenic activity of the virus, and the effect of leukemogenesis correlates with the magnitude of inhibition of the purified enzyme. This inhibition of enzyme activity by rifamycin SV derivatives is due to a relatively tight binding between the enzymes and the inhibitors, yet the binding can be reversed by nonionic detergent. The results of this study suggest that RNAdirected DNA polymerase is essential for induction of leukemia by exogenous virus and correlate with the previous observation that the same derivatives block viral transformation in vitro.
Leukemia can be induced in mice by inoculation with RNA leukoviruses, such as Rauscher leukemia virus (RLV) (1) , These viruses contain RNA-directed DNA polymerase (2, 3). Some recent experiments have indicated that this enzyme is necessary for successful transformation of normal cells in culture (4) (5) (6) . However, evidence of involvement of this enzyme in leukemic formation in animals is lacking.
Hanafusa and Hanafusa (4) and Hanafusa et al. (5) reported that noninfectious RSV a (0) particles produced from a-type transformed cells did not contain RNA-directed DNA polymerase. To further demonstrate a relationship between RNA-directed DNA polymerase and infectivity, they showed that an infectious pseudotype RLV a (ALV) can be rescued by superinfection of the a-type transformed cells with avian leukosis virus (ALV) and the cells then transformed by RSV a (ALV) produced only RSV a (0) (4) . Using different classes of rifamycin SV derivatives (with respect to potency of inhibition of activity of RNA-directed DNA polymerase), we reported that there is a direct correlation of inhibition of viral RNA-directed DNA polymerase and inhibition of focus formation by murine sarcoma virus (MSV) as well as infectivity by RLV (6) . This experiment was performed by preincubation of the inhibitors with virus particles at 37°for 30 min in order to prevent cytotoxicity in culture (6, 7) . These findings suggested that RNA-directed DNA polymerase was essential to viral transformation in culture. It is of interest, then, to extend these observations to an animal system; leukemia induced by RLV in mice was used. Splenomegaly is a useful index for a quantitative measurement of the development of leukemia in this system (8) . Therefore, the degree of splenomegaly was used to measure the inhibitory effect of rifamycin SV derivatives on murine leukemogenesis. The result suggests that RNA-directed DNA polymerase is required for development of virus-induced leukemia.
METHODS AND MATERIALS
Virus and Animal System. 4-to 6-week-old NIH Swiss Mice of either sex were used. RLV from plasma and tissue culture were obtained through the Special Virus Cancer Program from Hazelton Laboratory (Vienna, Va.) and Electro-Nucleonics, Incorp. (Bethesda, Md.), respectively. Only one stock of plasma viruses (about 5 X 105 PFU/ml) was used for all of the animal experiments. The virus suspension was diluted with Dulbecco's Modified Eagle's Medium (DMEM). To induce leukemia, the virus suspension (0.2 ml) was then administered intravenously through the tail vein. At various times afterwards the mice were killed, and their spleens were removed and weighed on an analytical balance. Since the magnitude of splenomegaly depends on the viability and concentrations of virus, the stock solution of virus used for this study was assayed for its ability to induce splenomegaly, and the spleens were weighed at various times after inoculation of virus (Fig. 1) . Virus stock was diluted from 100-to 5000-fold. At these concentrations, no obvious splenomegaly was observed for the first 2 weeks. However, at the fifth and eighth weeks after inoculation, spleen size increased as a function of virus concentration. Since the spleen weights were linear between the 200-and the 2000-fold dilution, most of the experiments were performed within this range of virus concentration between 5 when the activity of viruses were assayed in culture (data not shown).
To ensure that splenomegaly is an actual indicator of leukemogenesis, cell-free spleen extracts and intact marrow cells from mice infected with RLV pretreated with rifamycin derivatives (see Fig. 2 ) were inoculated intravenously to see whether the extracts contained viruses and to determine whether the marrow cells were leukemogenic. As a control, spleen extracts and marrow cells from the group injected with only 2% (CH3)2SO were also tested. The weight of spleens measured at the fifth week after inoculation is shown in Table 2 . Inocula from the group that received RLV treated with compounds no. 1, no. 43, and rifampicin caused a high degree of splenomegaly similar to those groups that received only RLV. However, the inocula from mice inoculated with RLV pretreated with compounds no. 120 and no. 97 did not cause any splenomegaly. This result shows that a complete prevention of viral carcinogenesis is possible if an inhibitor can interact closely with the virus before introduction into the mouse. Furthermore, this result rules out the possibility that the RLV preparation pretreated with no. 120 and no. 97 may still contain agents that can cause viremia. This is worth noting because in culture RLV is known to induce virus production without cellular transormation. , it is necessry to emphasize that a specific action of the compounds should be studied at law concentrations. This point is further illustrated in Fig. 3 , where both rifampicin and compound no. 1, although weak inhibitors of RNA-directed DNA polymerase, completely inhibit splenomegaly at high concentrations. Streptovaricin is a mild inhibitor of viral RNA-directed DNA polymerase (15) . The compound has a mild inhibitory activity on MSV focus formation (16) and splenomegaly induced by RLV (17) . It is then of interest to perform a preincubation experiment similar to the one just described with the streptovaricin complex. The result is shown in Fig. 3 .
Inhibition of splenomegaly reaches a plateau at about 45% inhibition. Apparently then, the pattern of inhibition by streptovaricin is different from that of rifamycin SV derivatives, which are moderate inhibitors of RNA-directed DNA polymerase, since splenomegaly is completely prevented at higher concentrations with these compounds.
Comparison of Inhibition of Endogenous RNA-Directed DNA Polymerase Activity and Purified RNA-Directed DNA Polymerase by Rifamycin SV Derivatives. If the inhibition of induction of splenomegaly is due to the inhibition of RNAdirected DNA polymerase in virions by the rifamycin SV derivatives, the same compounds should inhibit the purified enzyme to the same extent as the endogenous activity. To demonstrate this specific inhibition, RNA-directed DNA polymerase from Rauscher leukemia viruses was first purified to the step of DEAE-chromatography as described in Methods. Then the effect of the various classes of the derivatives on these purified enzymes and on the viral endogenous activity was compared (Table 3) . When the enzyme was assayed at 0.015% Triton X-100 in the presence of 100 /Ag/ml of inhibitors, a correlation of the amount of inhibitory activity was found between compounds that inhibit endogenous activity and inhibition of the purified enzyme. By comparing these results with those in Table 1 , one can conclude that a direct correlatiop exists between the inhibition of purified RNAdirected DNA polymerase and the inhibition of virus-induced leukemia by rifamycin SV derivatives.
The results in Table 3 also show that the concentration of nonionic detergent (Triton) can drastically affect the magnitude of inhibition by various concentrations of rifamycin SV derivatives, confirming the observation first made by Thompson et al. (12, 13) . Presumably, this is because of micelle formation from the detergent and solubilization of the inhibitor into the micelles. We also observed that Trition X-100 stimulated the purified enzyme activity with (dT)12_.18 (rA)n as template-primer (Wu, A. M., Cretta, A. & Gallo, R. C., in preparation), confirming the observation made by Thompson et al. with partially purified enzymes (12, 13) . The magnitude of stimulation is proportional to the concentration of template primer and to the time of incubation.
Reversible Binding Between RNA-Directed DNA Polymerase and Class C Rifamycin SV Derivatives. If the interaction between active rifamycin SV derivatives and RNA-directed DNA polymerase is not due to a nonspecific inactivation of the enzyme molecules, the binding between them should be relatively tight but reversible. The fact that all of the compounds were diluted to a negligible amount before inoculation suggests that there is a relative tight binding between these compounds and some important component of the virus that resulted in the inhibitory activity observed. Most likely, at least one such component is RNA-directed DNA polymerase. In order to show a tight, but reversible, binding between purified RNA-directed DNA polymerase and Class C in-hibitors (specifically compound no. 120), an experiment was designed based on observations made by Thompson et al. that inhibitory activity of rifamycin SV derivatives on the RNA-directed DNA polymerases can be nullified by the presence of Triton X-100 in the reaction mixture (12, 13) (Fig. 4) . If compound no. 120 at a concentration of 25 /Ag/ml is present without prior incubation with the enzyme, the inhibitory activity of these compounds decreased as the concentration of Triton X-100 increased. Now, if compound no. 120 was allowed to prebind to enzymes at 370 for 30 min before addition of Triton X-100, the enzyme-inhibitor complex was formed and this complex was resistant to dissociation at low concentrations of Triton (below 0.005%). Afterwards, these complexes were gradually dissociated with increasing concentration of Triton. The rate of dissociation with respect to concentration of Triton was similar to that shown in curve I. For comparison, curve I was normalized (curve I'), with the percent inhibition of enzyme activity in the absence of Triton as 100%. By comparing curves I' and II, it is clear that there is a relatively tight binding between compound no. 120 and the purified RNA-directed DNA polymerase, and this binding can be reversed by higher concentrations of Triton X-100. Similar results were obtained when compound no. 97 was used (data not shown). In fact, the enzyme activity can be completely recovered when the concentration of Triton in the reaction mixture was higher than 0.05% (Wu, A. M., Cetta, A. & Gallo, R. C., in preparation). Since the binding between the enzymes and the compounds is reversible, it is important to emphasize that the inhibitory activity of the potent rifamycin derivatives is not due to a irreversible inactivation of enzyme molecules. Instead, they apparently form a relatively specific, but reversible, interaction with the polymerase.
DISCUSSION
Role of Viral RNA-Directed DNA Polymerase. The findings of a correlation between inhibition of RNA-directed DNA polymerase and inhibition of induction of viral leukemia in mice by rifamycin SV derivatives and the finding of a reversible binding between viral RNA-directed DNA polymerase and Class C inhibitors suggest that viral RNA-directed DNA polymerase is a determinant target for the inhibitor action. The finding of noninfectious mutant, RSV a (0), lacking RNA-directed DNA polymerase (4, 5) , and the findings reported here, together with those previously reported with rifamycin SV derivatives (6) , suggest that viral RNA-directed DNA polymerase plays an important role in viral transformation in culture and in the induction of murine leukemia by exogenous virus. It is still possible, however, that other components of the virions may also be determinant targets of these inhibitors.
Recently, endogenous ribonuclease-sensitive DNA polymerase activities were found in uninfected chicken-embryo cells (18) , in rat cells (19) , and in normal human blood lymphocytes stimulated by phytohemagglutinin (20, 21) . All the available evidence indicates that though these are DNA polymerase activities dependent on RNA, they are distinguishable biochemically and immunologically from viral RNA-directed DNA polymerase (18) (19) (20) (21) . Although the findings may be in keeping with the protovirus hypothesis proposed by Temin (22) , they also raise the question of the necessity of RNA-directed DNA polymerase in virions, since it seems possible that a cellular "RNA-directed DNA polymerase" could transcribe viral RNA for virions. However, the only reported demonstration of transcription of heteropoiymeric portions of viral 70S RNA by a mammalian enzyme has been with a DNA polymerase from human leukemic cells (23, 21, 24) , which resembles viral RNA-directed DNA polymerase in both its biochemical (21, (23) (24) (25) and immunological (26) properties and, therefore, may be viral in origin. Moreover, the biological experiments shown in this report and those previously described (6) argue that an active RNA-directed DNA polymerase associated with the viral core is an important determinant for leukemogenesis induced in mice by exogenous virus and for viral-induced transformation in tissue culture.
